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Abstract planes. In this case, thg, + 2Q, and2Q, + Q, reso-
ances are of sufficiently large widths to produce a broad
sonance. The other resonance causing a large amplitude
‘owth is the fourth order resonanz@,, + 2@Q,,. Figure 2

Normal form analysis and tracking results show that bot
normal and skew resonances are driven strongly by the no

linear fields of the IR quadrupoles. We report here on th ows the results of similar scans with seed 9. Again, the

possibility of improving the dynamic aperture by COMPeNzL: - order sum resonances and #it@, + 20, resonance
sating these resonances with the use of correctors place ;Lﬂjse large amplitude growth Y

the IRs. The effectiveness of local correction schemes in
the presence of beam-beam interactions is also studied.
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1 INTRODUCTION § QQw + )
The target dynamic aperture for the LHC at collisionig12 § 1000 | Qe + QQy
at 1Gturns. The dynamic aperture with only random errors % 5
from version 2.0 of the Fermilab and KEK error harmonics © Qx O"“
is about 1% at 1CFturns [1]. Systematic uncertainties and § o0 000l brag-000 o000 S
errors in the ends reduce the dynamic aperture to about 9 3¢, + 2Qy | ‘g 4Qx Qy e Qu ‘
at 1Cturns [2]. Local correction schemes based on mini- N B i S
miZing the aCtion kICk from eaCh nlu.’p0|e [2] have been 100.1 0.120.140.160‘18 0‘.2 0.220.240.260.28 0.3 0“320.‘340.‘360.‘38 0.4
investigated as a means of increasing the dynamic aperture x
to the target value. Here we investigate a global compen- I .
sation method based on minimizing low order resonances 90, 42 Hanea =
as a complementary method to improve the dynamic aper- ¢ =+ Qy ]
ture. We also examine the efficacy of idealized versions of~ |
local correction schemes when beam-beam interactions ar§ 1000 -
included. 3
g
2 RESONANCE STRENGTHS FROM S 20
TRACKING ___““
The baSiC |attice was derived from MAD 51 |n the h|gh 100.1 0.‘120.‘140.‘160“18 0‘.2 0.‘220.‘240.‘260.‘28 013 0“320.‘340.‘360.‘38 0.4

luminosity insertions, Fermilab error harmonics V2.0 were &

used for the quadrupoles in IR5 and KEK error harmon-
ics V2.0 were used for the quadrupoles in IR1. This is thEigure 1: Amplitude growth with horizontal (top) and ver-
so-called “unmixed case”. Using this lattice, the progrartical (bottom) tune scans for seedl. For the horizontal tune
COSY INFINITY [3] was used to generate a Taylor mapscan, the vertical tune is kept constant at 0.32 while for the
The arcs are represented by 5th order maps and the IRs M%tlca' scan the horizontal tune is kept constant at 0.31.
represented by 9th order maps. These are concatenated® have identified some of the resonances that are asso-
generate a single map for the lattice. The Taylor map i@ated with large amplitude growth. Note that the normal
tracked to calculate either the dynamic aperture or ampld: +2@Q, and skew2@.. + @, resonances have overlapped
tude growth. producing a broad resonance. This seed had the smallest
Tune scans were done to identify the resonances th@dynamic aperture of all the seeds tracked.
drive amplitude growth. Particles were placed #iaham-
plitudes of 3, 5 and # and their amplitude growth was  In the majority of cases, the skew resonad€e + Q,
recorded over 1000 turns aach tune. The tune scan wasand the fourth order normal resonari@,. + 2@, were
done in two ways: 1) the vertical turgg, was held fixed found to cause large amplitude growth. Figure 3 shows
and the horizontal tun@, was varied, A).. was held fixed normalized histograms over 30 seeds of the relative ampli-
and@, was varied. This was done for 30 seeds. tude growth due to these resonances. For example, in about
Figure 1 shows the amplitude growth in both planes/0% of the cases the ske&i), + ), resonance caused a
with seed 1 for multipole errors, for a particle initially at relative amplitude growth of more than*.0rhese tracking
50 as a result of tune scans in the horizontal and verticaésults show that even with the random nature of the multi-
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Figure 2: Amplitude growth with horizontal (left) and ver- Figure 3: Normalized histograms of the relative amplitude
tical (right) tune scans for seed9. In this case, the sum thigtowth (shown on a log scale) due to the resonaBégs+
order resonance3, +2(¢), and2Q). + @, are distinct. The @, = 186 (left) and2Q. + 2Q), = 245 (right). The his-
dynamic aperture for this seed was near the average overtalrams represent data from tracking with 30 seeds. For ex-
the seeds. ample, in more than 70% of the cases, 2t + @), = 186
resonance leads tol@*fold or larger amplitude growth.

pole errors, the same, relatively few, low order resonances

are responsible for amplitude growth. This encourages therture. These resonance strengths included the contri-

hope that compensating these resonances may increasegfigons from higher order multipoles (the “sub-resonance”

dynamic aperture. At the nominal tuneg.( = 63.31,  contributions). For example, the resonarize+ 2@, has

@y = 59.32), the 4th order resonan@€), + 2Q, = 245  primary contributions fronis and subsidiary contributions

should not be excited. In this paper we choose to minimiz@om i, b-, by. Similarly the skew resonan@e), +Q, has

only third order resonances. primary contributions fromas and subsidiary contributions
fromas, az, ag.

3 RESONANCE STRENGTHS FROM

NORMAL FORMS 4 CORRECTION WITH SEXTUPOLES
The normal form\ of a mapM is obtained via Correcting all four third order sum resonanéég,, Q. +
_ 2Qy, 2Q. + Qy, 3Q, requires two sextupoles feach res-
N=A"TMA (1) onance or eight in all. In order to minimize the sextupole

strengths, the phase advance between the sextupoles cor-
o recting a resonance have to be chosen appropriately. For
A=ce (2) ;
example, the optimal phase advances between the sex-
The notation: signifies a Poisson bracket operation. Theupoles correcting th. + 2, resonance satisixy,, +
generating functiod” of the similarity transformationis  2A, = «/2. In this case the corrector strengths are min-
imal and both the real and imaginary parts of the driving
F= " fimm iR/ {Fm/2e=iirun(3)  term can be corrected. However in the study reported here,
3k, Lm we restricted ourselves to placing sextupole correctors in
. the MCBX and MCQS packages in the IRs. The phase ad-
Wherey;,p im = (J = k) (Vo +40,0) +(l=m)(¥y +¥y0).  yances between them are odd multiples-aind therefore

and/s, J, are the linear actions. The resonances of ordgf, rom optimal. Thes functions in these correctors how-

n = |j—k|+|l—m|aren, Q. £n,Qy = (j—=k)Qx£(I=  oyer are larger than they would be for sextupole correctors
m)@Q, = p. These resonances also appear in higher Ordeﬁﬁaced in the arcs.

n+2,n+4, .. .inthe geperating function. The strength of In IR1 and IR5, normal sextupoles, labelled NSNS4
annth order resonance is takgn to be the absolute value ﬁ’lfFigure 4, are placed in MCBX packages between Q2a,
the complex generating function. Q2b and after Q3 on both sides of the IP for a total of
; 9D —ia eight normal sextupoles. Within a single IR, the normal
F(ne,ny) = | Z Fiktm JITR2 JUFMI2 =05k 1] sextupoles in a family e.g. NS1, -NS1, araged at lo-
j_k:i;:j’_mm:ny cations of nearly equal beta functions in both planes and
(4) have the same strength but with opposite signs. Their con-
COSY INFINITY is used to generate the normal form oftribution to the linear chromaticity is therefore zero while
the map and also evaluate the resonance strengths. the phase advance between them is nearlyA total of
Third order resonance strengths, both normal and skefgur sextupole strengths are available to correct the real
were calculated at an amplitude of &lose to the dynamic and imaginary parts of the two normal resonances. Skew

where
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Figure 4: Placing of the 4 families of sextupoles for reducFigure 5: Dynamic aperture at different regions in ampli-
ing the third order resonance strengths. tude space with the use of sextupoles.eath value of the
initial horizontal amplitude, the dynamic aperture is aver-
aged over 10 random seeds. There is little change in the
sextupoles, labelled SS1 SS4 in Figure 4, are placed indynamic aperture along either theor y axis. The largest
MCQS packages after Q2b, also on both sides of the IP gain in dynamic aperture, about 2occurs close to the di-
IR1 and IR5, for a total of four skew sextupoles to correcagonal.
the two skew resonances. Equal weighting was given to
these four resonances and COSY INFINITY was used to
minimize these resonances using up to the maximum sei€ multipole errors. There was no improvement in the dy-
tupole field of 0.067T at the reference radius of 17mm. namic aperture along theaxis. This could be because the
Table 1 shows the resonance strengths after correction'4g tic@! tune is sufficiently close to thi), resonance that
a fraction of their original values before correction for terff €3UCing this resonance strength by factors of two or less is
seeds. The resonance strength here is the absolute valu@g@fsufficient to improve the dynamic aperture. The largest
the complex driving term. In most of these cases, one dfProvement is seen close to the diagonal. The improve-
more of the resonance strengths are lowered. Reducing ZIFNt in dynamic aperture along thexis is also small.
the sum third order resonances does not seem possible irfn those cases, where resonances are dramatically re-
general with the available sextupole strengths. duced, there is a S|gn|f|can.t improvement in the dynamic
The dynamic aperture was calculated after the corre perture.  For example, with seed 3, both thg, 3and
2= + Qy resonances are down to about 5% and the dy-

tion of these sum resonances. Figure 5 shows the dyna . . -
; . . . 2.6With seed 10, the@
aperture in amplitude space. At each horizontal léonge, namic aperFure InCreases by' . ’ 7Y
P P P onance is down to 5% of its original strength while the

the dynamic aperture is averaged over ten random seeds ?fé . . ;
others have increased, yet the dynamic aperture increases

by 0.8&. It is clear that overall, the gain in dynamic aper-
ture by attempting to minimize all the sum third order res-
Table 1: Fractional change in third order resonancenances with the present locations of the sextupoles is only
strengths using sextupoles, seed by se#@.., n,) is the modest. It is more likely that the resonances can be bet-
relative strength of the..q, + n,¢, = n resonance after ter compensated if the sextupoles araceld in the arcs so
and before correction. The last column shows the changleat the phase advances can be chosen appropriately. Other

in dynamic aperturé\(D A) due to these sextupoles. strategies that are possible include weighting one or two of
Seed|| f(3,0) | f(0,3) | f(2,1) | f(1,2) || A(DA) the resonances more strongly than the others in doing the
1 099 | 0.61 | 045 | 0.19 0.65 resonance correction. This is being explored.
2 1.07 | 0.75 | 057 | 1.42 0.19
3 0.06 | 1.64 | 0.05 | 0.23 2.58
4 097 | 081 | 101 | 0.98 0.31 5 CORRECTION WITH OCTUPOLES
5 036 | 1.03 | 0.78 | 30.04| 0.52 Another way to avoid excitation of dangerous resonances is
6 035 | 1.91 | 0.94 | 0.17 0.59 to reduce the tune footprint of the beam. The tune shift with
7 015 | 037 | 1.85 | 0.60 || -0.29 amplitude depends quadratically on the sextupole strengths
8 081 | 0.27 | 053 | 1.27 || -0.88 but linearly on the octupole strengths. Octupoles are there-
9 041 | 050 | 061 | 134 0.20 fore better suited for this purpose. There are three detuning
10 1.04 | 0.05 | 143 | 292 0.84 terms to be minimizeddQ,/9J;, 0Q./dJy,, 0Qy,/0J,.

Three pairs of octupoles are used with members in a pair set
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Table 2: Fractional third order resonance strengths after

oh Q2a QL @ reducing the tune spread with octupoles.
01 ﬁ H H 01 H Seed[[ 7(3,0) [ (0,3) | f(2,1) | f(1,2) | A(DA)
S S 1 083 ] 027 | 0.08 | 0.18 || 1.89
U U IP U U 2 042 | 226 | 085 | 1.24 | -1.46
0%} QL Qa Qb 3 034 | 1.87 | 049 | 022 | 055
4 329 | 052 | 490 | 0.84 | 057
5 0.86 | 0.83 | 1.30 | 25.70|| 0.04
Q2b Q2a Q1 Q3 6 0.32 | 142 | 062 | 022 || 017
03 H H H 03 H 7 009 | 055 | 1.93 | 062 | 261
o e o o 8 246 | 077 | 014 | 1.89 | 157
U 02 U P U U 02 9 057 | 119 | 152 | 1.23 1.65
10 1.05 | 053 | 0.31 | 1.07 | -1.47

® Q1 Qa Qb

Figure 6: Placing of the 3 families of octupoles for reduc-
ing the tune shift with amplitude. from the octupoles is responsible for the changes in reso-
nance strengths, the octupoles were disptl transversely
so that they were centered on the closed orbit. In this case,
to the same strength and placed at nearly the same valyggre was no change in the third order resonance strengths.
of the beta functions. .Mer'nbers of the 3 families labelled Figure 8 shows the average dynamic aperture over 10
01,02,03 are shown in Figure 6. seeds with and without the use of octupoles. The average
The main purpose of the octupoles is to reduce the tungrease in dynamic aperture with the use of the octupoles
shift with amplitude. Figure 7 shows that the tune footprinis somewhat greater than that obtained with the sextupoles.
for seed 1 is significantly smaller when the octupoles arg, particular, the dynamic aperture also increases along the
used. However the orbit is not centered in the octupol&s,yis. Reducing the tune shift at large amplitudes therefore

due to the crossing angle. Consequently they also affegh,ears more beneficial in avoiding the effects of1tg
the third order resonance strengths due to the feed-dowgsonance.

into sextupole components. Table 2 shows the fractional

resonance strengths after using the octupoles. The changes
that occur with the octupoles are not controlled. For ex- 6 SEXTUPOLES AND OCTUPOLES

ample, with seed 1 all the sum resonances were reduced TOGETHER.

while with seed 9, three of the four sum resonances ifyhen both sextupoles and octupoles are used, a two step
creased in strength. In order to check that the feed-dovjyocedure is necessary. Due to the fact that octupoles
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Figure 8: Dynamic aperture at different regions in ampli-
031 x s x s s tude space with the use of octupoles.e&ch value of the
0.304 0.306 0.308 031 0.312 0.314 0.316 L . . . .
Horizonatal initial horizontal amplitude, the dynamic aperture is aver-
aged over 10 random seeds. The octupoles help to increase

Figure 7: Tune footprint with and without octupoles forthe dynamic aperture along theaxis as well as close to
seedl. the diagonal.




improvement in the dynamic aperture along thaxis.
6vera|l, the gain in dynamic aperture is larger than with
either sextupoles or octupoles alone.

Table 3: Fractional third order resonance strengths aft
correction with octupoles and sextupoles.
Seed|| f(3,0) | f(0,3) | f(2,1) | f(1,2) || A(DA)

1 049 | 0.18 | 0.07 | 0.10 || 2.69 ,

2 047 | 1.74 | 0.72 | 1.40 || -1.03 \ *

3 0.24 | 335 | 0.40 | 0.16 | 0.22 287 ) ]

4 267 | 059 | 202 | 1.09 | 0.75 S 2r . §

5 033 | 093 | 0.94 | 49.87| o0.41 .

6 0.33 | 1.32 | 055 | 0.22 || -0.10 g

7 012 | 0.14 | 029 | 0.48 | 2.49 -

8 1.31| 098 | 1.48 | 1.58 || 1.69 R . ,
9 048 | 097 | 129 | 098 | 2.22 - S\l D
10 0.74 | 0.07 | 1.07 | 1.42 | 0.49 5 05|
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Initial dynamic aperture

change the third order resonance strengths via feed-down,
it is difficult to do a simultaneous compensation of reso-
nance strengths and tune shifts with amplitude. In the two
step procedure, first octupoles are used to reduce the tufigure 10: The change in dynamic aperture as a function
footprintand a new map of the lattice is obtained with thesef the initial dynamic aperture fagach of the correction
octupole correctors. The third order resonances of this nesghemes.

map are then compensated with sextupoles.

Table 3 shows the fractional resonance strengths afterFigure 10 shows the change in dynamic aperture as a
Correction W|th the Octupo|es and Sextupo'es_ Comparéunction Of the |n|t|al aperture fOI’ the dif‘ferel’lt SChemes. It
to the fractional strengths shown in Table 2, most of this clear that the variation in dynamic aperture from seed
resonance strengths have decreased. For example, wRrseed due to the action of the sextupoles is quite differ-
seed 1 th&(Q, resonance is reduced to nearly half its valu@nt from the variation due to the octupoles. For example,
with octupoles alone and the increase in dynamic apertufieeé maximum increase with sextupoles occured with seed

changes from 1.89t0 2.6%. 1 while the maximum with ogtupplgs occur'ed with seed 7.
Octupoles were most effective in increasing the smallest
Dynarmic Aperure of Seed #1-10 dynamic aperture (seed 1). In almost all cases, the addi-

wl V20sKEK (i KEK ot corector) 4| tion of sextupoles to octupoles helped improve the quality

of the correction.

12

Table 4: The dynamic aperture (DA) with the use of low-
order correctors.{DA) is calculated after ¥0turns and
averaged over 10 random seeds for the multipole errors.
ol . 1 | The last column shows the maximum increase in DA over

these seeds with the use of the correctors.
Correction (DA) £ o(pay |MaxA(DA)

3 | No correction 105+ 14
R Sextupoles 11.0+1.4 2.58

0. : - Tt . Octupoles 112+ 1.4 2.61
Horizontal aperture (sigma) Sextupoles & octupoles 11.54+ 1.2 2.69
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Figure 9: Dynamic aperture at different regions in ampli-
tude space with the use of sextupoles and octupoles. AtTable 4 summarizes the change in the dynamic aper-
each value of the itial horizontal amplitude, the dynamic ture, averaged over emittance space and 10 seeds, obtained
aperture is averaged over 10 random seeds. As with osith use of the low order correctors. On average, the sex-
tupoles alone, sextupole and octupole correctors help toiriupoles increase the dynamic aperture by &ctupoles
prove the dynamic aperture at almost all angles in physichly 0.70 and the two together bysl These schemes can
space. be improved. One possibility is to identify the impor-
tant resonances, seed by seed, and compensate only those
Figure 9 shows the average dynamic aperture over ¥8sonances. For the preliminary study reported here, we
seeds with and without the use of sextupoles and octupole®ampensated all the third order sum resonances for every
Again, as was the case with only octupoles, there is sonseed. Lower order resonances such as the second order



. . . Dynamic Aperture without correction (100,000 turng)
Table 5: Idealized versions of the local correction schemes Y per ( )

2 and 4 where the systematic and random values of the ! ‘ ‘ No beanvbeam
specified multipoles are set to zero. Tracking calculations 12t | ; Beam-beam +—=—
in this paper did not include the systematic uncertainties € 4
(dbn, day,). g Mo

Scheme Zeroed random multipoles $ ol { ;

2 (bg,b4,b5,b6) & (03,04,05,06) é r |

4 (bg,b4,b5,b6,b10)& (03,04,05,06) ?:_J ofr i

° 1

@)y — Q. resonance also appear to be associated with am- |

plitude growth (seen in Figures 1 and 2). This is one of 6 : : ‘

several resonances that can be compensated by octupoles. 2 8 4 >
Seed Number

7 LOCAL CORRECTION SCHEMES Figure 11: Dynamic aperture with and without the beam-
WITH BEAM-BEAM beam interactions without any correction. Particles are

tracked for10° turns over 10 angles in emittanceasp.
Beam-beam interactions have a significant impact on thEhe average reduction in dynamic aperture due to the
dynamic aperture [1]. We have examined the impact dieam-beam is 13
idealized versions of local correction schemes when beam-
beam interactions are included. In the idealized versions Dynamic Aperture with correction: BNL 2 (100,000 turns)
we set to zero the systematic and random value of the speci- 14
fied multipoles. Table 5 shows the local correction schemes Beamtbeam -+
2 and 4 as proposed in [2]. In practice, the local correction B
schemes will not be quite as effective as the idealized ver- »l
sions used here.

The tracking results reported in this section, both with
and without beam-beam interactions, were done with the
program TEVLAT [4]. The lattice was also derived from
MADS.1 but the IR quadrupoles were mixed, i.e. Fermi-
lab error harmonics V2.0 were used in Q2a, Q2b and KEK
V2.0 were used in Q1 and Q3. 8 ‘ ‘ ‘

In order to be consistent in evaluating the correction ! 2 8 4 5
schemes, we will compare the dynamic aperture with and Seed Number
without the beam-beam interactions at the same number of
turns. We have found that when the beam-beam interagigure 12: Dynamic aperture with and without the
tions are included, particles must be tracked for a minbeam-beam interactions with the idealized local correction
mum of 1 turns in order to get meaningful results [1]. It scheme 2. Particles are tracked fof turns over 10 angles
is important to note that the dynamic aperture with beamn emittance sace.
beam interactions drops faster with the number of turns
than without.

Figure 11 shows the dynamic aperture for five seeds wituite effective in improving the dynamic aperture, albeit by
and without the beam-beam interactions when no correg-smaller amount, even when the beam-beam interactions
tion is applied. are included. Most of the increase is due to eliminating the

Figure 12 shows the dynamic aperture in both cases wit@rge(bio0) = —0.25 contribution to the dynamic aperture.
the idealized scheme 2. The dynamic aperture with the Table 6 summarizes the average change in dynamic aper-
beam-beam improves by about tompared to the case ture with and without the beam-beam interactions for the
when no corrections are applied. As expected, the improvdifferent correction schemes.
ment is smaller compared to the case when the beam-beam
interactions are not included. 8 SUMMARY

Figure 13 shows the dynamic aperture in both cases with
the idealized scheme 4. In this case, the dynamic apadsing only sextupoles and octupoles in IR1 and IR5 we
ture without beam-beam improves dramatically by aboudttempted to increase the dynamic aperture. These multi-
4.70 compared to the case without correction. When thpoles were used to compensate sum third order resonances
beam-beam interactions are included, the dynamic apend reduce the tune shift with amplitude. Ten random
ture increases by 3:2to 12.47. This scheme is clearly seeds were used for the multipole errors. Averaged over the

1§

10 -

Dynamic Aperture (sigma)




Dynamic Aperture with correction: BNL 4 (100,000 turns) crease with scheme 4 (whefg, = 0) is still significant,
18 ‘ about 3. This demonstrates that the local correction can
17t Beamrbeam -+~ | still be very useful, even in the presence of the beam-beam

16 -

14+
13+

Dynamic Aperture (sigma)

1nr

10 1 1 1
1 2 3 4 5

interactions. We believe that in order to improve upon the
local correction, compensation of the beam-beam driven
B ke - resonances should be investigated.
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seeds, these multipoles increased the dynamic aperture by
about r. The maximum increase in dynamic aperture over
these seeds is 217 This increase is encouraging because it
demonstrates that resonance compensation works in prin-
ciple. Our use of the sextupoles was constrained by plac-
ing them in the IRs. The relevant phase advances between
these sextupoles correcting a resonance is an odd multiple
of = while at optimal locations these phase advances would
be odd multiples ofr/2. This can be achieved by placing
the sextupole correctors in the arcs. Resonance compensa-
tion may be furtherimproved by first doing a more detailed
search for the important resonances at the working point,
using the method of frequency analysis for example. Low
order coupling resonances such@g — (), may require

a dedicated compensation. Important resonances of higher
order than third will require higher order multipoles. We
believe that resonance compensation can be a useful com-
plement to the local correction scheme.

We have also investigated the efficacy of idealized ver-
sions of the local correction schemes when beam-beam in-
teractions are included. As expected, the increase in dy-
namic aperture is not as large compared to the case when
beam-beam interactions are not included. However the in-

Table 6: Average dynamic aperture withoutand with beam-
beam and different idealized local correction schemes. The
dynamic aperture is calculated aftef1Qrns and averaged
over 5 random seeds. No systematic uncertainfigsda,,

are included.
Correction No Beam-Beam| With Beam-beam
Scheme <DA> + 0(DA) <DA> + 0(DA)
No correction| 10.52+ 1.04 9.214+0.88
Scheme 2 12.341.33 10.354+ 1.19
Scheme 4 15.1A4 1.40 12.414+1.29




